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Comparing the Ocean Color Measurements Between
MOS and SeaWiFS: A Vicarious Intercalibration

Approach for MOS
Menghua Wang and Bryan A. Franz

Abstract—The modular optoelectronic scanner (MOS) is a
German instrument that was launched in the spring of 1996 on
the Indian IRS-P3 satellite. With the successful launch of NASA’s
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) in the summer
of 1997, there are now two ocean color missions in concurrent
operation, and there is interest within the scientific community to
compare data from these two sensors. In this paper, we describe
our efforts to retrieve ocean-optical properties from both SeaWiFS
and MOS using consistent methods. We first briefly review the
atmospheric correction, which removes more than 90% of the
observed radiances in the visible, and then we describe how the
atmospheric-correction algorithm used for the SeaWiFS data can
be modified for application to other ocean color sensors. Next,
since the retrieved water-leaving radiances in the visible between
MOS and SeaWiFS are significantly different, we developed
a vicarious intercalibration method to recalibrate the MOS
spectral bands based on the optical properties of the ocean and
atmosphere derived from the coincident SeaWiFS measurements.
Furthermore, because of the strange calibration behavior of the
MOS 750 nm band, we modified the atmospheric correction such
that the MOS 685 and 868 nm bands can also be used. We present
and discuss the MOS-retrieved, ocean-optical properties before
and after the vicarious calibration using both the MOS 685 and
750 nm coupled with 868 nm bands in comparison with results
from SeaWiFS and demonstrate the efficacy of this approach. We
show that it is possible and efficient to vicariously intercalibrate
sensors between one and another.

Index Terms—Atmospheric correction, ocean color, remote
sensing, vicarious calibration.

I. INTRODUCTION

T HE GERMAN modular optoelectronic scanner (MOS)
[1] is an imaging pushbroom CCD spectrometer that

was launched in a sun-synchronous polar orbit in the spring
of 1996 on the Indian IRS-P3 satellite. MOS is a tech-
nology-demonstrator instrument with limited geographic
coverage capabilities. Its scientific applications are mainly
in ocean color and atmospheric aerosol studies. With the
successful launch of NASA’s Sea-Viewing Wide Field-of-View
Sensor (SeaWiFS) [2] on August 1, 1997, there are now two
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TABLE I
CHARACTERISTICS OFMOS COMPARED WITH SeaWiFS

TABLE II
MOS AND SeaWiFS NOMINAL BAND-CENTER WAVELENGTHS. MOS HAS

BANDWIDTH OF 10 nmFOR ALL BANDS, WHILE SeaWiFSHAS 20 nmFOR

BANDS 1–6AND 40 nmFOR BANDS 7 AND 8

ocean color missions in concurrent operation. Therefore, we
have an unprecedented opportunity to compare ocean color
data from two sensors in simultaneous operation on two
different satellite platforms. Table I provides characteristics of
MOS compared with SeaWiFS. One of the primary goals of
the NASA sensor intercomparison and merger for biological
and interdisciplinary oceanic studies (SIMBIOS) project [3] is
to develop methods for meaningful comparison and possible
merging of data products from multiple ocean color missions.
Direct comparison of such products is complicated by differ-
ences in sensor characteristics and processing algorithms, as
well as spatial and temporal coverage. As shown in Table II,
MOS has a slightly different spectral-band characterization
in comparison with SeaWiFS. Note that only the MOS bands
that are close to the SeaWiFS spectral channels are listed in
Table II. Also, the MOS band number is named corresponding
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Fig. 1. Errors in retrieved water-leaving reflectance at the MOS spectral bands 443 and 520 nm compared with the SeaWiFS spectral-band configurationusing
the implemented SeaWiFS atmospheric-correction algorithm for the aerosol model of Maritime, with RH=80% and for various solar-zenith angles.

to the SeaWiFS’s as shown in Table II and used in this paper.
The object of this paper is to develop a vicarious calibration
approach in which the MOS spectral bands can be recalibrated
from the SeaWiFS measurements, which are considered as
“truth,” thereby allowing remotely retrieved ocean color results
from the two sensors to be meaningfully compared. The
vicarious calibration method is also applicable for recalibrating
the satellite sensor within situ ocean and atmospheric-optical
property measurements. This work represents a continuation of
the study reported briefly by Wang and Franz [4].

II. A TMOSPHERICCORRECTIONS FORMOS

In this section, we first briefly review the SeaWiFS atmo-
spheric-correction algorithm and its implementation into the
SeaWiFS data-processing system. Next, we present the modifi-
cations required to implement this algorithm for alternate ocean
color sensors (e.g., the MOS). We then test the accuracy of the
correction algorithm at the MOS spectral bands for various
cases using the current SeaWiFS aerosol lookup tables. Finally,
we compare retrieved results from MOS and SeaWiFS mea-
surements using a consistent atmospheric-correction algorithm
for scenes acquired at various locations and different times.

A. SeaWiFS Atmospheric-Correction Algorithm

We begin with a definition of the reflectance ,
where is the radiance in a given solar and viewing geometry,

is the extraterrestrial solar irradiance, andis the cosine of
the solar-zenith angle. The total reflectance measured at the top
of the ocean-atmosphere system can be written as

(1)

where
reflectance resulting from multiple scattering by air
molecules in the absence of aerosols;

reflectance resulting from multiple scattering by
aerosols in the absence of the air;
multiple-interaction term between molecules and
aerosols [5] (e.g., photons first scattered by air
molecules and then scattered by aerosols or photons
scattered by aerosols then air molecules);
reflectance at the sea surface that arises from sunlight
and skylight reflecting from whitecaps on the surface
[6];
water-leaving reflectance, which is the desired quan-
tity in ocean color remote sensing.

The is the atmospheric-diffuse transmittance [7], [8]
that accounts for the effects of propagating water-leaving
and whitecap reflectances from the sea surface to the top of
the atmosphere (TOA). In the above equation, the surface
sun-glint term has been ignored. Observations that have signif-
icant sun-glint contamination cannot be accurately corrected
and must be removed. To relate the derived water-leaving
reflectance to the ocean-inherent optical properties (IOP), the
atmospheric effects on the water-leaving reflectance
must be removed. The normalized water-leaving reflectance

can be defined from Gordon and Clark [9]

(2)

where is the atmospheric-diffuse transmittance in the
solar direction with the solar-zenith angle of. The value of
two-band ratio of in the visible can then be used to
infer the ocean near-surface optical properties [10]–[12]. Note
that in comparing the retrieval results from two different sensors
that usually have slightly different spectral-band characteriza-
tions, the normalized water-leaving reflectances provide a more
meaningful comparison than the radiance values. The radiance
value is a function of the solar irradiance, which will vary with
a sensor band’s spectral response.
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Fig. 2. Results from the MOS simple destriping algorithm for a MOS image
acquired on February 28, 1998 in the Mediterranean Sea with latitude of 38�

and longitude of 3�. (a) MOS original radiance image at 443 nm and (b) after
applying the destriping algorithm.

Since more than 90% of the signal in visible measured at
satellite altitude is contributed by the atmosphere [the first three
terms in (1)], accurately removing the atmospheric effects is
crucial to the success of any ocean color remote sensing ex-
periment. The Gordon and Wang atmospheric-correction algo-
rithm [13] uses the SeaWiFS two near-infrared (NIR) bands cen-
tered at 765 and 865 nm to estimate the atmospheric effects
and extrapolate these into the visible. Unlike Rayleigh scat-
tering, which can be computed accurately, the aerosol scattering
is highly variable, and the effects of the in (1) on
the imagery cannot be predicteda priori. The water-leaving re-
flectance at the two NIR bands, however, is usually neg-
ligible because of strong water absorption. Therefore, the radi-
ances measured at these two NIR bands are essentially the

Fig. 3. TOA radiance at 443 nm measured by MOS and SeaWiFS for the case
of January 29, 1998 in the Atlantic Ocean with latitude of 27� and longitude of
-32�.

contributions from the atmosphere. For the SeaWiFS two NIR
channels, (1) can be written as

(3)

Therefore, the effects of aerosols and Rayleigh-aerosol inter-
actions in the imagery can be estimated at
the two NIR bands from the sensor-measured radiances, the
computed Rayleigh scattering reflectances, and the estimated
whitecap contributions [6]. This quantity is then extrapolated
and removed in the visible. The extrapolation was achieved
through a process of aerosol-model selection from evaluation
of the atmospheric-correction parameters defined as
[13]–[15]

(4)
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(a) (b)

(c) (d)

Fig 4. derived gain coefficients for the MOS bands from scenes acquired on January 29 and February 28, 1998 for (a)–(g) the MOS bands 1–7 and (h) the
retrieved-aerosol optical thickness at the MOS band 868 nm.

where is the single-scattering aerosol reflectance at a
wavelength . The is usually at the longer NIR band (i.e.,
865 nm). The value of characterizes the spectral varia-
tion of aerosol-optical properties, which include the aerosol-op-
tical thickness, single-scattering albedo, and the aerosol-scat-
tering phase function. It therefore can be used to infer the aerosol
models.

Note that the assumption of for the SeaWiFS
two NIR bands is valid for the open ocean (case 1 water) in
which the ocean-optical properties are determined mainly by
the phytoplankton and their derivative products. This assump-
tion, however, is usually not true for the coastal regions (case 2
water) in which the water-leaving reflectances at NIR bands are
often not negligible. In these cases, the algorithm will over-cor-
rect aerosol contributions and the retrieved water-leaving re-
flectances at the visible are likely to be biased low (i.e., the at-
mospheric-correction treats the additional contributions at the
NIR bands from water as contributions from aerosols).

The implementation of the Gordon and Wang algorithm into
the SeaWiFS data-processing system was achieved through the

use of lookup tables based on a large number (25 000) of radia-
tive-transfer simulations that use the 12 aerosol models devel-
oped by Shettle and Fenn [16]. The main lookup tables contain
information of the values for various aerosol-op-
tical and microphysical properties (12 aerosol models with var-
ious aerosol-optical thicknesses) and solar and viewing geome-
tries at the eight SeaWiFS spectral bands. Generating the aerosol
lookup tables involves a large number of radiative-transfer sim-
ulations and requires substantial computer resources.

B. Applying the SeaWiFS Atmospheric-Correction Algorithm
to MOS

Application of the SeaWiFS atmospheric-correction al-
gorithm to MOS would be difficult if it were necessary to
regenerate the aerosol lookup tables for the MOS spectral
bands. In a recent paper, Wang [17] discussed the effects of
spectral-band variation on the SeaWiFS atmospheric-correction
algorithm and outlined simple procedures necessary to imple-
ment the algorithm for other ocean color sensors. In summary,
to apply the SeaWiFS atmospheric-correction algorithm to
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(e) (f)

(g) (h)

Fig 4. (Continued.) Derived gain coefficients for the MOS bands from scenes acquired on January 29 and February 28, 1998 for (a)–(g) the MOS bands 1–7 and
(h) the retrieved aerosol optical thickness at the MOS band 868 nm.

MOS, according to the MOS spectral response functions, we
need to

1) recompute the extraterrestrial solar irradiances and
ozone-absorption coefficients;

2) regenerate the Rayleigh scattering radiance tables at the
sensor’s spectral bands;

3) modify the atmospheric diffuse-transmittance computa-
tions.

Of these steps, procedure 2 is the most important.
We have implemented the SeaWiFS atmospheric-correction

algorithm for MOS and tested algorithm performance for the
MOS spectral bands with simulations. The MOS two NIR bands
centered at 750 and 868 nm are used for estimation and cor-
rection of the atmospheric effects. Note that, unlike the Sea-
WiFS 765-nm band, which completely encompasses the oxygen
A-band absorption [18], [19], the MOS 750 nm band is in a
clear window between water vapor and oxygen A-band absorp-
tions. Therefore, the oxygen A-band absorption correction is not
needed for the MOS 750-nm band, assuming that the band-pass
did not change after launch. Following Gordon and Wang [13],

we have applied the correction algorithm to a series of simula-
tions carried out using the Maritime aerosol model with a rela-
tive humidity (RH) of 80% (M80 refers to the Maritime aerosol
with RH = 80%), i.e., was simulated with M80 aerosol
model at the MOS spectral bands assuming that .
The SeaWiFS aerosol lookup tables were used
for all computations. The error in the retrieved water-leaving re-
flectance was computed. Fig. 1 provides
results of algorithm performance for the MOS spectral bands
at different solar and viewing geometries for the M80 aerosol
model, with aerosol-optical thickness of 0.2 at 865 nm. For ref-
erence, a 5% error in water-leaving radiance at 443 nm, which
is the SeaWiFS goal, corresponds to 0.001–0.002. Fig. 1
is for the cases of the sensor viewing at the center ( ),
with the solar-zenith angles varying from 10–80 at steps of
10 . For comparison, the SeaWiFS results are plotted in the
same figure. Fig. 1 shows that the implemented SeaWiFS atmo-
spheric-correction algorithm works as well for the MOS spectral
bands as for SeaWiFS. We therefore conclude that, with appro-
priate computation of the Rayleigh scattering contribution at the
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MOS spectral bands, the current SeaWiFS atmospheric correc-
tion, with the lookup tables of , can be applied
to MOS [17].

C. Simple MOS Destriping Procedure

The MOS radiance image has along-track stripes due to vari-
ations in the relative response of the individual detectors on
the MOS CCD array (total of 384 CCD detectors). Therefore,
we have developed a simple destriping algorithm and applied
it to the MOS radiance imageries. The MOS destriping pro-
cedure can be outlined as follows. First, for each scan (along
the detector array) and a given spectral band, fit the radiance
to a least-square cubic polynomial along the scan (the detector
array) and compute relative gain at each detector (pixel), i.e.,

for (5)

where is the MOS measured radiance for the detector
number and the scan number for a given scene. Next, for
each detector (pixel), select the median gain over all scans in
the scene to derive the nominal gain factor for that detector
(i.e., Median ). Finally, the MOS radiance image
can be recomputed with the destriping correction

, where and are the destriped and original ra-
diance, respectively. This simple procedure usually works quite
well. Fig. 2(a) and (b) provide an example of results from the
destriping algorithm for a MOS image acquired on February
28, 1998 in the Mediterranean Sea. Fig. 2(a) is the MOS orig-
inal-radiance image (443 nm), in which the along-track stripes
are clearly evident, while Fig. 2(b) shows the same image after
the MOS destriping algorithm has been applied. The destriping
algorithm works quite well in this case, removing most of the
striping effects with no obvious loss of image structur (i.e., the
physical properties of the image are preserved). In general, the
efficacy of the algorithm depends mainly on how well the radi-
ances along the detector array can be fitted with the cubic poly-
nomials. To apply the implemented SeaWiFS atmospheric-cor-
rection algorithm to MOS, however, the destriping procedure
is usually not necessary. Without destriping, the results from
atmospheric correction will be somewhat degraded, as the ra-
diance striping adds noise to the process. The MOS destriping
procedure usually improves the retrieved ocean-optical proper-
ties significantly.

D. Results from MOS Compared with SeaWiFS

We applied the atmospheric correction to both MOS and
SeaWiFS for co-located images and compared the retrieved
ocean and atmospheric-optical properties. The MOS radiance
image was first destriped to remove the detector variations
within pixels. The implemented SeaWiFS atmospheric-cor-
rection algorithm was then applied to the MOS imagery.
Two MOS-SeaWiFS co-located images acquired on January
29, 1998 in the Atlantic Ocean and February 28, 1998 in
the Mediterranean Sea were first tested. These two scenes,
acquired one month apart, differ significantly in their ocean
and atmospheric-optical properties. Fig. 2 shows the MOS

TABLE III
MOS RETRIEVED PARAMETERS COMPARED WITH SeaWiFSFOR A

CO-LOCATED MOS 10� 10 PIXELS FORCASES OF(a) JANUARY 29, 1998AND

(b) FEBRUARY 28, 1998. THE [� ] IS IN %

(a)

(b)

TABLE IV
DERIVED MOS GAIN COEFFICIENTS ASG(�; i) = c (�)i

FOR i = 1–384

radiance image (443 nm), which was acquired on February
28, 1998 at a location of about latitude 38and longitude
3 in the Mediterranean Sea. Fig. 3 shows both the MOS
destriped and SeaWiFS radiance images (443 nm), which were
acquired on January 29, 1998 at a location of about latitude
27 and longitude -32in the Atlantic Ocean. In comparing the
MOS-retrieved ocean and atmospheric-optical results with that
of SeaWiFS, we found that

1) the MOS-retrieved aerosol optical thickness at the NIR
band was usually a factor of 2 to 3 times higher than that
of SeaWiFS
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(a) (b)

(c) (d)

Fig. 5. Histogram (%) of the MOS-retrieved normalized water-leaving reflectances (%) with and without recalibrations in comparison with the SeaWiFS
measurements for case of January 29, 1998 (Atlantic Ocean) for (a)–(d) as for the bands 1–4. For cases of the MOS after recalibrations, results using both the
MOS bands 7 and 8 and bands 6 and 8 for the atmospheric corrections are presented.

2) the MOS-retrieved(7, 8), which characterizes the spec-
tral variation of aerosol-optical properties is unreasonably
low;

3) the MOS-retrieved normalized water-leaving reflectances
in the visible are significantly different from

those of SeaWiFS.
Table III(a) and (b) provides examples of comparison results
for typical co-located MOS 10 10 (5 5 for SeaWiFS)
pixel regions retrieved from these two cases. The parameters
in the tables were obtained by averaging over the retrieved
single pixel values in the co-located area (MOS 1010
and SeaWiFS 5 5). The selected parameters in Table III
are the normalized water-leaving reflectance for
bands 1–4, the ratio of aerosol single-scattering reflectance
between bands 7 and 8(7, 8), and the retrieved aerosol-optical
thickness at band 8 (8). The differences in(7, 8) and (8)
between MOS and SeaWiFS are not shown in Table III. Direct
comparison of these atmospheric quantities is not relevant,
since (7, 8) depends on the solar and viewing geometry of

the observation, and that geometry is different between the two
sensors. Furthermore, since there is about 90 min difference
between co-located MOS and SeaWiFS observations, the
atmospheric conditions may have changed. However, the(7,
8) value should be 1 for typical marine aerosols, and it should
certainly be > 0.5. Obviously, the results from SeaWiFS are
more reasonable. The retrieved from SeaWiFS indi-
cates two typical, different ocean-optical properties from these
two scenes. The scene of the Atlantic Ocean represents a typical
clear oligotrophic ocean region with chlorophyll concentration

0.1 (mg/m3), whereas the scene from the Mediterranean Sea
is mesotrophic to eutrophic ocean waters with chlorophyll
concentration 0.8–1.0 (mg/m3). Since we are applying an
identical atmospheric-correction process to the two sets of
measurements, the large discrepancy in the retrieved
values between the two sensors can probably be interpreted
as a difference in sensor calibrations. It is therefore necessary
to recalibrate one sensor to the other, to allow for meaningful
comparisons of the retrieved ocean-optical properties.
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(a) (b)

(c) (d)

Fig. 6. As in Fig. 5(a)–(d), except both MOS and SeaWiFS images were acquired on February 28, 1998 in the Mediterranean Sea.

III. V ICARIOUS INTERCALIBRATION FOR MOS

As discussed in Section II, the sensor-measured radiance
at the TOA is described by (1). Essentially, the first four
terms in (1) are contributions from the atmosphere and ocean
surface, and the last term is a contribution from the ocean.
There are mainly two unknowns in (1) for ocean color remote
sensing: the aerosol optical properties and the water-leaving
reflectance in the visible. Therefore, if one has knowledge of
the atmospheric-aerosol and ocean-optical properties, one can
essentially predict the sensor-measured radiance at the TOA
for the MOS wavelengths [20]. These computed radiances can
then be used to vicariously recalibrate the MOS bands. Due to
differences in the orbits of MOS and SeaWiFS, measurements
of the same geographical location will be about one and one
half hours apart. Since the atmospheric conditions are likely to
change over that period, we cannot expect that the atmospheric
properties measured by SeaWiFS are valid for the MOS obser-
vations. We therefore assume that the gain of the MOS 868-nm
band is unchanged, thereby using the aerosol concentration

from the MOS measurements and only accept that the aerosol
model determined by SeaWiFS is still valid. Next, by using the
SeaWiFS retrieved-aerosol models, we can predict the atmo-
spheric effects in the MOS imagery (i.e., the first three terms
in (1)). The whitecap radiance contribution can be estimated
in the same way as SeaWiFS [6]. Finally, using the SeaWiFS
retrieved normalized water-leaving reflectance, , the
water-leaving radiance at the TOA in the MOS imagery can
be computed according to (1), and the gain coefficients for
the MOS bands can be derived. To reduce the variation of the
derived gain coefficients with various scans, multiple scans
within the MOS scene can be used to obtain coefficient data
and derive a best fit for the MOS 384 detectors. In summary,
the intercalibration procedure can be outlined as follows.

1) Find an MOS and SeaWiFS co-located scene in which
both the SeaWiFS TOA radiances and the retrieved nor-
malized water-leaving reflectances are relatively uniform.

2) Retrieve the aerosol models and values from
the SeaWiFS measurements for the corresponding MOS
pixels.
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3) Theoretically predict the MOS measured radiances at the
TOA from the SeaWiFS data, i.e.,

4) Obtain gain coefficients for the MOS bands 1–7 for all
384 CCD detectors for multiple scans within the imagery
and fit the gain-coefficients data with the least-square
cubic polynomials.

We have applied the recalibration procedure outlined above
to the two MOS scenes acquired on January 29 and February
28, 1998. The MOS scene has a 384 detector scan with image
size of 384 384. We derived the MOS gain coefficients for the
MOS 384 detectors at every fifth scan, thereby providing a total
of ∼75 gain coefficients for every detector of the MOS scene.
Fig. 4(a)–(g) provides the derived gain coefficients for the MOS
bands 1–7 from scenes acquired on January 29 and February
28, 1998, while Fig. 4(h) shows the MOS-derived aerosol-op-
tical thicknesses at band 8. To clearly see the differences of the
derived gain coefficients from the two different MOS cases, we
only plotted 50representativedata for each case in the figures
(there are total of 2.8 104 data for each case). Apparently,
the derived gain coefficients for the MOS bands 1–6 have very
similar values in the two different cases, indicating that they are
nearly independent of temporal and spatial variations. The de-
rived gain coefficients for band 7, however, are different in the
two cases. It appears that the MOS band 7 performance is related
to the atmospheric-optical conditions [see Fig. 4(h)], and its
gain adjustment is in opposition to other bands (gain coefficient
> 1). One possible reason for the strange calibration behavior
of band 7 is that if the band 7 were spectrally changed from
the prelaunch characterizations to include either water-vapor or
oxygen A-band (or both) absorptions. These absorptions cer-
tainly depend on the atmosphere and the solar and viewing ge-
ometry and cause the derived gain coefficient > 1. For the MOS
bands 1–6, we fitted the derived recalibration gain coefficients
from both cases to a least-square cubic polynomial [dotted lines
in Fig. 4(a)–(f)], while individual fits were derived for the MOS
band 7 for two different cases. Clearly, the MOS band recalibra-
tion adjustments are significant, and they strongly depend on the
MOS detector number. For example, the MOS band 1 has a re-
calibration gain coefficient of 0.90 for detector 1, while it is

0.98 for detector 384. The MOS band 3 has the most changes
(except band 7), with a gain coefficient of0.81 for detector 1
and 0.89 for detector 384. Table IV provides the derived MOS
recalibration gain coefficients fitted with the least-square cubic
polynomial as

for (6)

where is the MOS detector number and is the fitting
coefficient of the cubic polynomial for order number. The
gain-fitting coefficients for bands 1–6 in Table IV were derived
with the least-square cubic fitting from the two MOS scenes,
while the two sets of band 7 gain coefficients were derived, re-
spectively, from the MOS scene acquired on January 29, 1998

TABLE V
TOTAL NUMBER OF RETRIEVALS CONTRIBUTED IN Figs. 5AND 6 FOR

THREE DIFFERENTCASES

TABLE VI
MOS-RETRIEVED PARAMETERS COMPARED WITH SeaWiFS AFTER

MOS-BAND RECALIBRATIONS FOR THECASES OF(a) JANUARY 29, 1998AND

(b) FEBRUARY 28, 1998. THE [� ] IS IN %

(a)

(b)

in the Atlantic Ocean and on February 28, 1998 in the Mediter-
ranean Sea. Therefore, for a given MOS band, only four recali-
bration coefficients are needed for the 384 detectors.

IV. A TMOSPHERICCORRECTIONUSING MOS 685AND 865
nm BANDS

Since the derived MOS band 7 recalibration gain coefficients
depend on the atmospheric-optical properties, we have modi-
fied the atmospheric-correction algorithm such that the correc-
tion can also be operated using the MOS bands 6 and 8. The
modification is straightforward. The atmospheric-correction pa-
rameter at bands 6 and 8 is estimated in place of
to retrieve the aerosol models and extrapolate into the visible.
The water- leaving reflectance at the MOS band 6, however, is
usually not negligible. We have assumed a constant value of the
MOS band 6 of 0.1%, which corresponds to a normal-
ized water-leaving radiance of0.045 (mW/cm m sr). This
was a typical value observed by SeaWiFS in the regions and
used in all results reported in this paper when bands 6 and 8
were used in the MOS atmospheric corrections.

V. RESULTS AND DISCUSSIONS

We applied the derived MOS gain coefficients as in Table IV
to the MOS measured-radiance at the TOA, and retrieved ocean-
optical and atmospheric-optical properties for comparison with
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(a) (b)

(c) (d)

Fig. 7. As in Figs. 5(a)–(d) and6(a)–(d), except both MOS and SeaWiFS images were acquired on September 24, 1997 in the Adriatic Sea. For results of the
MOS after recalibrations, the MOS bands 6 and 8 were used in the atmospheric corrections.

results from the SeaWiFS measurements. These results are pre-
sented and discussed in the following three sections.

A. Retrieval of Normalized Water-Leaving Reflectance

Figs. 5 and 6 provide the histogram (%) for the retrieved
ocean parameters from MOS and SeaWiFS for the case of
January 29 and February 28, 1998 for various situations.
Fig. 5(a)–(d) are, respectively, the retrieved normalized
water-leaving reflectances (%) for bands 1–4 for the MOS
data acquired on January 29, 1998 in the Atlantic Ocean,
while Fig. 6(a)–(d) is for the case of February 28, 1998 in the
Mediterranean Sea. For comparison, the retrieved parameters
without the MOS recalibrations are plotted in the same figures.
There are four cases in each figure.

1) results from the SeaWiFS measurements with the bands
7 and 8 used in the atmospheric corrections;

2) results from the MOS recalibrated radiances with the
bands 7 and 8 used in the corrections;

3) as in 2, except that the MOS bands 6 and 8 were used in
the corrections;

4) results from the MOS original radiance data with the
bands 7 and 8 used in the corrections.

Table V shows the total number of retrievals (pixels) con-
tributing to the histogram plots in Figs. 5 and 6 for cases 1–3.
The MOS has six times more retrievals from each co-located
scene than SeaWiFS because of its high spatial resolution.
Note that using the MOS bands 6 and 8 in the atmospheric
corrections yields slightly more retrievals than using bands
7 and 8. Figs. 5 and 6 show that the vicarious calibration
improves the agreement significantly. Table VI(a) and (b)
gives quantitative comparisons of the retrieved parameters
between the MOS (after recalibrations) and SeaWiFS for the
peak values in the histograms, as shown in Figs. 5 and 6. For
comparison of the retrieved atmospheric-optical parameters,
the peak values (7, 8) in the histograms are also listed in the
tables. Obviously, the differences in the retrieved normalized
water-leaving reflectance between MOS and SeaWiFS are
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. Histogram (%) of the MOS-retrieved ratio of the normalized water-leaving reflectances between bands 2 to 5 and bands 3 to 5 in comparison with that
of SeaWiFS for cases (a) and (b) January 29, 1998 in the Atlantic Ocean; (c) and (d) February 28, 1998 in the Mediterranean Sea; and (e) and (f) September 24,
1997 in the Adriatic Sea.
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(a)

(b)

(c)

Fig. 9. Retrieved normalized water-leaving reflectance image (443 nm) from MOS compared with SeaWiFS for a scene acquired on (latitude and longitude
followed by each location): (a) January 29, 1998 in the Atlantic Ocean (27�, −32�), (b) February 28, 1998 in the Mediterranean Sea (38�, 3�), and (c) September
24, 1997 in the Adriatic Sea (45�, 13�). The MOS bands 6 and 8 were used in the atmospheric corrections.

reduced tremendously. Also, the MOS-retrieved(7, 8) values
are now reasonable and very similar to the values from Sea-
WiFS. Note that for cases in which the MOS bands 7 and 8 were
used for the atmospheric corrections, two different calibration
gain coefficients were applied for the MOS 750-nm band for
cases of January 29 and February 28, 1998. However, when the
MOS bands 6 and 8 were used in the corrections, the MOS band

7 reflectance data were simply not used, thereby allowing a con-
sistent set of recalibration gain coefficients for the MOS bands
1–6 and 8 to be applied for both cases. Both Figs. 5 and 6 and
Table VI show that, though the results of using MOS bands 7
and 8 in the atmospheric corrections yield slightly better agree-
ment with SeaWiFS, good results can be obtained by using the
MOS bands 6 and 8 with an assumed constant water-leaving re-
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flectance value at band 6. Since the MOS band 7 gain coefficient
depends on the atmospheric conditions, which are highly vari-
able in time and space, using the bands 6 and 8 for the MOS at-
mospheric correction is more practical. It is interesting to note
that, for retrieving the ocean-optical properties, the correction
algorithm is insensitive to the absolute calibration in band 8 (i.e.,
only relative recalibration is necessary).

To further test the efficacy of the vicarious recalibration
approach, we have applied the MOS recalibration gain coef-
ficients, which were derived from January 29 and February
28, 1998 data, to a MOS image acquired on September 24,
1997 at a location of about latitude 45and longitude 13
in the Adriatic Sea and compared the results to those ob-
tained from a co-located SeaWiFS image. For this test, the
destriping algorithm was not applied, and the MOS bands 6
and 8 were used in the atmospheric corrections. Fig. 7(a)–(d)
provides the histogram (%) of the retrieved water-leaving
reflectances (%) for bands 1–4 from the MOS measurements
for comparison with the SeaWiFS. The results from the MOS
original calibrations are plotted in the same figures. The total
retrievals contributed in each plot in Fig. 7 are 6.7610 and
3.46 10 for the SeaWiFS and MOS (bands 6 and 8) case,
respectively. It is truly remarkable that, with a time difference
of four to five months from the recalibration scenes and a
different geographic location, the MOS-derived water-leaving
reflectances are still in a good agreement with SeaWiFS. It
certainly improves the MOS-retrieval results significantly from
the original calibration.

B. Results of Two-Band Ratios in

Since a two-band ratio of the retrieved normalized water-
leaving reflectance in the visible is usually used to
infer the ocean near-surface optical properties [e.g., the chloro-
phyll concentration can be related to either a ratio of band 2
to 5 ( ) or band 3 to 5 ( )
[11], [21]], we have compared the MOS-retrieved ratio values
(after recalibrations) with SeaWiFS for the January 29, Feb-
ruary 28, 1998, and September 24, 1997 cases. Fig. 8(a)–(f)
shows histograms (%) in the retrieved ratios of the normalized
water-leaving reflectance between bands 2 and 5 and bands 3
and 5 for various scenes. Fig. 8(a), (c), and (e) are, respectively,
the MOS and SeaWiFS retrieved normalized water-leaving re-
flectance ratio between bands 2 and 5 for case of January 29,
February 28, 1998, and September 24, 1997, while Fig. 8(b),
(d), and (f) are results of reflectance ratio between bands 3 and
5. In generating these figures, the MOS bands 6 and 8 were
used in the atmospheric corrections. Fig. 8 shows that, after
recalibration, the MOS-derived ratio of retrieved normalized
water-leaving reflectance agrees well with that of SeaWiFS.
Therefore, MOS should be able to obtain similar chlorophyll
concentration results as SeaWiFS.

C. Comparison of Spatial Distribution of

To appreciate the difference in the spatial distributions in the
retrieved normalized water-leaving reflectance between MOS
and SeaWiFS, Fig. 9(a)–(c) provides color images of the MOS-
retrieved normalized water-leaving reflectance (%) at 443 nm

compared with the SeaWiFS measurements for a scene acquired
on January 29, 1998 in the Atlantic Ocean, February 28, 1998 in
the Mediterranean Sea, and September 24, 1997 in the Adriatic
Sea. In generating these images, the MOS bands 6 and 8 were
used in the atmospheric corrections for retrieval of the MOS
normalized water-leaving reflectances.

VI. CONCLUSION

We demonstrate that it is possible and efficient to vicariously
intercalibrate two different ocean color sensors. In this study,
the SeaWiFS retrieved normalized water-leaving reflectance
and aerosol models were used as “truth” to recalibrate the MOS
spectral bands. After MOS band recalibrations, the differences
of retrieved normalized water-leaving reflectances between
MOS and SeaWiFS are much reduced. The MOS-retrieved
(7, 8) values are much more reasonable and very similar to

the SeaWiFS measurements after recalibration. Since the MOS
band-7 recalibration coefficients depend on the atmospheric
conditions, we modified the atmospheric-correction algorithm
such that the MOS bands 6 and 8 can also be used for the
corrections. Therefore, consistent gain coefficients for the
MOS bands 1–6 and 8 can be used for various MOS scenes
obtained at different times and locations. We show the efficacy
of the vicarious calibration approaches by applying the method
to a MOS scene acquired four to five months prior to the data
used in deriving the gain coefficients. The MOS results are in
reasonable agreement with SeaWiFS. With this vicarious cal-
ibration approach, the retrieved results from different sensors
can now be meaningfully compared and possibly merged. With
the same procedure, one can also recalibrate satellite sensors
using in situ ocean-optical and atmospheric-optical property
measurements. The proposed vicarious calibration scheme is
applicable to other ocean color sensors [e.g., Japan’s ocean
color and temperature sensor (OCTS) and the French polariza-
tion and directionality of the earth’s reflectances (POLDER)].
These works are currently under way.
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